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Abstract
We demonstrated the tuning of whispering gallery modes (WGMs) of a silica microsphere during
optical levitation through the annealing process. We determined the annealing temperature from
the power balance between the CO2 laser light heating and several cooling processes. Cooling
caused by heat conduction through the surrounding air molecules is the dominant process. We
achieved a blue shift of the WGMs as large as 1 %, which was observed in the white-light scattering
spectrum from the levitated microsphere.
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INTRODUCTION
Optomechanical response of a single levitated solid microsphere to light is largely af-
fected by whispering gallery modes (WGMs) excitation[1]. Therefore, precise tuning of the
WGMs is necessary, as the radiation pressure can be resonantly enhanced through WGM
excitation[2–4]. The optomechanical effect on the levitated micro and nanospheres is at the
core of the active or passive cooling of the center of motion of the levitated particles[5–
9] down to the quantum ground state, which would lead to the macroscopic quantum
phenomena[10, 11]. Furthermore, the exploration of optical binding effect and optomechan-
ical coupling between multiple microshperes[12–16] requires mutual tuning of the WGMs.
Since it is impossible to levitate an exact predetermined particle with commonly used load-
ing techniques[7, 17–19], in-situ modification of the particle size or refractive index is needed
to tune the WGMs.
Solid microspheres are one of the most intriguing microcavity structures, which could
have WGM resonances with an extremely high quality factor and small mode volume due to
the three dimensional light confinement [20]. The high quality factor and small mode volume
of the solid microspheres lead to cavity quantum electrodynamic phenomena[21], ultra-low
threshold lasing[22], and highly efficient optical nonlinearity[23]. Liquid microspheres or
microdroplets also show excellent cavity performance due to naturally smooth surface and
high-sphericity[24, 25]. The size and shape of the microdroplet can be controlled through
evaporation[24] or coagulation[26] and radiation pressure[27], leading to the tuning of the
WGM resonances. The WGM tuning of the solid microspheres, however, continues to be a
challenge owing to the technical difficulties that stems from the stable and strong atomic
bonding. One of the most reliable methods is the temperature control through the ther-
mal expansion and the temperature dependent refractive index[28]. Although the method
provides the precise and repeatable tuning of WGMs, the requirement of the temperature
stabilization prevents its use in many situations including optical levitation.
Here, this study reports on the in-situ tuning of WGMs in levitated silica microspheres
through the annealing process. The annealing of silica affects the microscopic silica network
structure and the amount of impurity, leading to changes in the optical properties and the
volume of the silica sample[29, 30]. Therefore, we can achieve different WGM resonances
after different annealing conditions. The annealing was performed with the CO2 laser irra-
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diation on the levitated silica microsphere. CO2 laser light with the wavelength of 10.6 µm
resonantly excites the broad Si-O-Si bands and the strong absorption occurs. The thermal
balance between CO2 laser heating and several different cooling processes determines the
annealing temperature. Thus, we can tune the WGMs by changing the CO2 laser irradia-
tion power. We identified the WGM resonances from white light scattering spectra as the
scattering cross section of the microspheres reflects the WGMs[31, 32].
EXPERIMENTAL SETUP
We optically levitated 3-µm-diameter microspheres (Polysciences, Silica Microspheres,
24330) with a dual-beam optical trap by using long-working-distance aspheric lenses to have
enough space for CO2 laser irradiation (Fig. 1). A continuous-wave Ti:Sapphire laser beam
with the wavelength of 785 nm was split into two parts using a polarizing beam splitter
(PBS). The half-wave plate before the PBS was rotated to ensure equal power (∼1W)
in the two beams. The two identical aspheric lenses (thorlabs, C240TME-B) focused the
beams onto the same point, which leads to a cancelation of the scattering forces[7]. Silica
microspheres were loaded into the trapping sight via an ultrasonic nebulizer (Omron, NE-
U22)[17–19]. 100 µl of the stock solution was dried, redissolved in 15ml ethanol, and was
sonicated in an ultrasonic bath for 20 minutes before use.
From a single optically levitated silica microsphere, we measured the white light scat-
tering spectrum. The spectrum represents the WGMs in the microsphere according to Mie
scattering theory[31, 32]. Then, the optically levitated microsphere was heated with the
CO2 laser irradiation for 2 minutes. The CO2 laser light was focused onto the levitated
microsphere with a ZnSe lens of 100 mm focal length. After switching off the CO2 laser
light, we measured the white light scattering spectrum again. The spectrum reflects the
change in the WGMs due to the annealing. We repeated the process with different CO2
laser powers, i.e., different annealing conditions.
RESULTS AND DISCUSSION
Figure 2 illustrates the white light scattering spectrum from the levitated silica micro-
sphere. The widths of the resonances were determined by several loss mechanisms including
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FIG. 1. Schematic representation of the dual beam optical trap setup for in-situ tuning of WGM
resonances. Light from a continuous-wave Ti:Sapphire laser was split into two beams using a
PBS. The power ratio between the two beams was controlled by rotating a half wave plate. Each
beam was tightly focused by an aspherical lens (L1) with a common focal point forming a optical
trapping potential. Optically levitated microspheres can be illuminated by CO2 laser light or white
light from tungsten halogen lamp. We measured the scattering spectrum from a single optically
levitated microsphere using a spectrograph.
intrinsic or impurity material absorption loss, tunneling loss, and surface absorption or scat-
tering loss. The original white light source spectrum shows a gradual increase toward longer
wavelength as depicted in the inset of Fig. 2 and well describes the different peak heights
for different resonances.
After the CO2 laser irradiation with the power of 2 kW/cm2, the white light scattering
spectrum exhibited a slight blue shift of ∼3 nm as shown in Fig. 3 (red curve). The white
light scattering spectrum continued to shift to shorter wavelength with increasing the CO2
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FIG. 2. White light scattering spectrum obtained from a single levitated microsphere. Each peak
corresponds to a particular whispering gallery mode resonance. The inset shows the original white
light source spectrum.
laser power. Figure 4 summarizes the blue shift of the peak around 660 nm as a function of
the laser power. We achieved the WGMs tuning as large as 7 nm via in-situ annealing. Note
that very-little or no blued shift was observed, if we re-irradiated the levitated microsphere
using the CO2 laser with the same power.
The temperature of the levitated microsphere during the annealing was determined by
power balance among the CO2 laser heating, heat conduction through the surrounding gas,
and thermal radiation. Here, we assume that the temperature distribution is homogeneous
within the microsphere. Although this assumption seems unrealistic[33], the result gives us
a rough estimation of the microsphere’s steady state temperature.
Heat loss due to natural convection is negligible in our case, since the system’s Grashof
Number[34] is very small owing to the small size of the microspheres (the radius r = 1.5 µm).
Using kinematic viscosity and thermal expansion coefficient of air, 1.5× 10−5m2/s[35] and
3.6× 10−3K−1[36], the Grashof number is calculated to be G = 5.3∆T × 10−10, where ∆T
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is the temperature difference between the heated microsphere and the air without heating.
Then, the natural convective heat loss can be neglected compared with the conductive heat
loss[34] when the distance from the microsphere’s surface is less than r× 1/
√
G. Even if we
take impractically large value ∆T =10 000K, the critical distance is enough large ∼700 µm,
which justifies the omission of the natural convection effect for the following calculation.
Since the size of the microsphere is of the same order as the wavelength of the CO2
laser, Mie scattering theory[31] enables us to estimate the absorption cross section[37] from
the extinction coefficient of the silica. As the value of the extinction coefficient of silica
ranges from 0.02 to 0.5 depending on the sample[38], we use the typical value κ = 0.2 for
the calculation, which gives the absorption cross section Cabs ∼3.2 µm2. The laser heating
power is
q˙laser = CabsICO2,
where ICO2 is the CO2 laser intensity at the surface of the microspheres.
We assumed that the heat conduction through the surrounding gas occurs in the contin-
uum regime, as the system’s Knudsen number is ∼ 0.02. The conductive cooling power is
calculated to be[39]
q˙air = 4pir
∫ Tp
Tg
kgdT,
where kg is the temperature dependent heat conduction coefficient and Tp (Tg) is the tem-
perature of the microspheres (the surrounding gas).
We calculate the radiative heat loss also fromMie scattering theory[31, 40] using frequency
dependent complex refractive index and absorption cross section[38] as
q˙rad = f(Tp)− f(Tg),
f(T ) = f(T ) =
∫
∞
0
dω4piPe(T )Cabs(ω)
=
∫
∞
0
dω
h¯ω3
4pi3c2
4piPe(T )Cabs(ω)
exp (h¯ω/kBT )− 1
,
where Pe(T ) is Plank distribution. The resulting cooling power is three orders of magnitude
smaller than the conductive cooling power at the temperature less than 1000K. Therefore,
we neglect the radiative cooling process here.
The steady state temperature of the levitated microsphere under CO2 laser irradiation is
determined by numerically solving the equation q˙laser = q˙air. With the maximum CO2 laser
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intensity in our experiment, ICO2 =7180W/cm
2, we achieve the temperature ∼600K. After
the annealing at this temperature, we expect a few percentage reduction of the radius of the
microsphere due to the removal of water molecules and organic impurities from the interior
of micropores and the surface of the silica microspheres[30]. This shrinkage is consistent with
the observed 7 nm blue shift of the WGM resonances (∼ 1 percent change of the wavelength).
1.2
1.0
0.8
0.6
0.4
0.2
0.0
In
te
ns
ity
 (a
.u.
)
720680640600560
Wavelength (nm)
0.7
0.6
0.5
0.4
0.3
670665660655650
Wavelength (nm)
 
 before irradiation
 
 after irradiation 1 ~ 4
FIG. 3. Blue shift of the white light scattering spectrum from a single levitated microsphere after
repeated CO2 laser irradiations. The inset shows an expansion of the peak around 660 nm.
CONCLUSION
This study demonstrated the in-situ tuning of WGM resonances of optically levitated
microspheres through the annealing process. The thermal balance between CO2 laser heating
and the heat conduction into the surrounding air determines the annealing temperature.
With changing temperature, we can achieve the different WGM resonances because of the
shrinkage of the microspheres.
The rapidly growing field of the levitated optomechanics requires the diversity of the
material for the levitated particles[41–43], as the internal degree of freedom in the material
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FIG. 4. Peak wavelength shift after each CO2 laser irradiation. The color of the data points
correspond to the color in Fig. 3
could couple with the optomechanical interaction and will open up the new protocol for the
quantum state control of the levitated particles[44]. Our results suggest the possibility of
adjusting the material properties finely and even chemically modifying the particles during
the levitation. In-situ fine control of the levitated particle’s properties in vacuum need
further research, which would result in the melting and vaporization of the levitated particles.
Further selective doping with specific dopants is also possible, which will expand the available
internal degree of freedom of the levitated particles.
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